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Abstract

As part of the determination of the ecological Reserve for rivers in South Africa (National Water Act, 1998), flow
requirements are assessed for maintenance low flow, drought low flow and flood conditions. Since water quantity and
water quality are often closely linked, it is necessary to ensure that in setting the recommended flow regime, the appropriate
water quality will be attained. This paper presents a simple method (based on solute rating curves) for predicting the instream
concentrations of chemical constituents that will arise from different flow regimes. The method uses monthly mean flow
(discharge) at a given site plotted against monthly median concentration of each chemica constituent. This is carried out
for both the reference condition (the natural, or least-impacted state) and for the present state. The flow-concentration
relationships obtained are used to predict the expected monthly concentrations under the recommended flow regime. The
computed concentrations can be compared with the reference condition and present state values to assess the degree of
river modification. This paper outlines the modelling protocol to be followed, considers the limitations and assumptions
inherent in the approach, and the application of the resultant information. It is concluded that the modelling method is
a useful screening tool for identifying sites where, without reduction of pollution, the water quality component of the

Reserve is unlikely to be attained under the recommended flow regime.
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Introduction

South Africanriversarenaturally variableintheir patternsof flow,
in addition to which abstraction of water, and regulation by means
of impoundment, frequently modify the natural hydrological re-
gime. Itiswell known that alterationsin flow can lead to changes
in water quality, athough such changes are often complex and
difficult to predict (Smith et a., 1996). Alterationsin the concen-
trations of chemical constituents and in the values of physical
variablespresent in the system can, inturn, exert aprofound effect
on the aquatic biota (Dallas and Day, 1993). Methods have been
devel opedto cal culatethequantity andtiming of dischargerequired
to maintain a given level of ecological functioning in a riverine
ecosystem, commonly referred to in South Africaasthe“ environ-
mental”, or “instream flow requirement” (IFR) of ariver (Kingand
Louw, 1998; Hughes, 1999; 2001). The question of water quality
iscurrently inadequately addressed withintheprocessof calculating
the IFR, however, and until recently, only qualitative predictions
were made of the water quality likely to result from a proposed
changeinflow. Sinceefficient functioning of aquatic ecosystemsis
dependent not only on a suitable hydrological regime, but also on
provision of water of asuitable quality (King and Louw, 1998), it
is essential that quantitative predictive methods for water quality
be incorporated in instream flow assessments. This reasoning is
reflectedintheNationa Water Act (No. 36 of 1998) whichrequires
specification of both the amount (i.e. the volume and timing of
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flow), and the quality of water that will maintain adequate biotic
integrity and functioning of a river (DWAF, 1999). The water
quality requirement prescribes, for agivenresourceprotectionlevel,
the concentration of chemical constituents and values of physical
variablesthat should not be exceeded. TheNational Water Act also
callsforasystemof classification of water resources, fromthosethat
areextremely impacted (classE or F) tothosethat arelargely natural
(classA). Thedegreeof protectionthatisaffordedtoariver, or reach
thereof, isdependent onthecurrent stateof theriver and particul arly
on the class for which it will be managed (called the “ecological
Reserve class’). The more protective the management class, the
more stringent the water quality requirements. A system of assess-
ment categorieshasal so been devised for thecommonwater quality
variables(e.g. TDS, total inorganic nitrogen) ranging from A to F.
Concentrationsor val uestypical of un-impactedriversareassigned
to an “A” category. Increasing concentrations (in the case of
chemical constituents) represent the boundary values that demar-
cateeach category. At thetimeof writing thispaper, themethod for
setting assessment categories for water quality within Reserve
determinationsis undergoing revision (DWAF, 2002).

Thispaper outlinesasimple method (the“flow-concentration”
or“Q-C” modelling method) devel opedtointer-relatewater quality
andwater quantity. It hasbeendevel opedtobeused withinthecontext
of Reserve determinations, but may be useful in other situations
wheretheeffect of changing streamflow onwater quality needstobe
assessed. Thestepsweredevel oped using datafrom actual Reserve
assessmentsfor several riversin South Africanamely; the Palmiet
River (Western Cape) and the Pienaars River (near Pretoria in
Gauteng Province). The method wasrefined during theworkshops
that comprised the Olifants River Ecological Water Requirement
Assessment Project (Malan, 2001) and the Breede River Basin
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i) Collate available data on water quality, point-sources of
pollution, hydrological structures, hydrology, land use, to-
pography, etc. Locate Instream Flow Requirement (IFR)
sites.

ii) Identify the ecoregions through which the river flows.
Derive reaches expected to exhibit uniform water quality.

iii) Correlate mean monthly discharge (stream flow) values and
median monthly concentration values for each variable (C)
deemed to be of importance, at each IFR site.

a) For the reference condition (least impacted state).
b) For the present ecological state (possibly impacted).

iv) Examine the numerical relationship between flow and the
concentration of the chemical constituent (C).

v) Estimate the predicted concentrations of C for the reference
condition and present ecological state.

vi) Predict the monthly concentrations of C expected under the
recommended flow regime and calculate the 95% confi-
dence around these predictions.

vii) Calculate the extent of deviation of the present ecological
state values of C and the predicted concentration values
from the reference condition.

viii) Assign the predicted assessment category for each month
for each water quality variable and for each recommended
flow scenario.

Figure 1
Summary of the steps in the flow-concentration (Q-C)
modelling method

Project, and theresultswere used to predict the consequenceswith
regard to water quality of the recommended flow regimes.

The Q-C modelling method and its application to
the Pienaars River

Thestepsof theQ-C modelling method aresummarisedinFig. 1. To
highlight someof theissuesinvolved, itsapplicationtothePienaars
River isdescribed. For the sake of completeness all the steps have
been shown, although thefirst two (in addition to thewater quality
sectionof thethird step), arestandard componentsof thewater quality
assessment for Reservedeterminations(DWAF, 1999). | dentification
of water quality monitoring sitesand potential sourcesof pollution,
divisionof theriverinto ecoregionsand (homogeneous) water quality
reaches, and assessment of the water quality component of the
Reserve are described in detail in Rossouw et al. (1999). A map of
thestudy area, indicatingthemost significant featuresisshowninFig.
2. The Q-C method was carried out for each water quality reach for
which appropriate flow and water quality datawere available, and
eachwater quality variablewasmodelled separately. Theresultsfor
total dissolved solids(TDS) inWater Quality Reach 1 (WQ1) of the
PienaarsRiver arepresentedinthispaper. Resultsfor other chemical
constituents and other reaches are documented in Malan and Day
(20024).

i) All available data on water quality, point sources of pollution,
hydrological structures, hydrology, |and use, topography, etc. were
collated. Thelocationof thel FRsitesr el ativeto Department of Water
Affairsand Forestry’s (DWAF) water quality monitoring stations,
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Figure 2
Schematic representation of the Pienaars River system
showing the water quality reaches (WQ1, WQ2 and WQ3),
significant hydrological features, Instream Flow Requirement
(IFR) sites and Department of Water Affairs and Forestry
gauging sites/water quality monitoring stations (e.g. A2H029).
Figure adapted from Rossouw et al. (1999).

flow-gauging sites, and any other significant hydrological features
wereidentified.

A mapindicatingtheaboveinformationwasproduced andisshown
inFig. 2.

ii) The different ecoregions through which the river flows were
identified. Using thisinformation, inconjunctionwiththelocation of
impoundments, major tributariesand other significant hydrological
features, thereacheswithinwhichwater quality woul d be expected
to be uniform (termed “ water quality reaches’) were delineated.
Thisis discussed further in Rossouw et al. (1999).

iii) For each water quality reachinwhich an|FRsitewassituated,
using theflow and water quality data fromthe nearest appropriate
gauging and water quality monitoring station, mean monthly dis-
charge values and median monthly concentration values for each
water quality variable (C) were derived and correlated for each
month of the year. Thiswas carried out for thereference condition
(i.e.thenatural or least-impacted state) andfor thepresent ecol ogical
state (possibly impacted).

Tableswereprepared recordingmean monthly flow (for natural and
present day), and median monthly values of each water quality
variableforthereferencecondition (RC TDS) and present ecol ogical
state (PES TDS). The discharge and concentration data used to
cd culatetheseval uesweretakenfromthenearest appropriate DWAF
gaugingweir or water quality monitoring station. Table1showsTDS
concentrationsfor Water Quality Reach 1 (WQ1). Medianmonthly
valuesof water quality variablesbothfor thereferenceconditionand
present state were obtained from Rossouw et a. (1999), and were
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TABLE1
Measured stream flow and TDS data, as well as predicted values for Water Quality Reach 1 of the Pienaars
River. Natural (reference condition) and current (present ecological state) discharge given as mean monthly
values (m3x10°), TDS concentrations (mg/l) reported as monthly median values for the reference condition
(ITDS] RC) and for the present state ([TDS] PES). Predicted reference and present state concentrations of TDS
derived from the functions y=-18x+294 and y=-28Lnx+379 respectively (where x = m® x 10/month and y = mg/l).

Month Oct Nov | Dec | Jan Feb | Mar | Apr | May |June| July | Aug | Sept | Mean

RC flow measured 099 | 147 | 18| 369 | 284 | 202 | 178 | 1.01 | 0.77 | 0.75 | 0.67 | 0.62 | 1.54

RC [TDS] measured 333 | 334 | 275 | 246 | 214 | 219 | 259 | 259 | 261 | 259 | 293 | 259 | 268

RC [TDS] predicted 277 | 269 | 262 | 230 | 245 | 259 | 263 | 277 | 281 | 281 | 283 | 284 | 268

PES flow measured 094 | 1.34| 18| 31| 305| 24 | 1.72 | 101 | 0.79| 0.78 | 0.66 | 0.59 | 151

PES [TDS] measured 378 | 378 | 361 | 361 | 358 | 338 | 347 | 377 | 386 | 391 | 398 | 391 | 372

PES[TDS] predicted 381 | 371 | 362 | 348 | 348 | 355 | 364 | 379 | 386 | 386 | 391 | 394 | 372
calcul ated using threeyearsof dataand aminimum of 60 datapoints. 4407 y=-27.914Ln() + 379.13
The table showsthat under both natural and present conditionsthe 390 M‘L I 1@ 0'751T5
highest flow occursin theriver during the summer months. Dueto 340 4 ] [ 1o 1T —1

dilution of saltsin the river during high-flow periods, the lowest
annual concentrationsof TDS arerecorded at thesetimes.

iv) Therelationship between flow and concentration (C) wasthen
examined.

A regression linewas drawn through the data points separately for
the reference condition (RC) and for the present ecological state
(PES). The “best fit” was selected using the relationship (linear,
logarithmic, exponential or power) that yielded thehighest val ue of
the regression coefficient, r2. Figure 3 shows a graph of TDS
concentration plotted against flow for Water Quality Reach 1. It can
be seenthat the concentrationsof TDSunder the present ecol ogical
state are higher than under the reference condition, indicating that
sdinityiscurrently elevatedintheriver. TheQ-Cplot for thepresent
state was best described by alogarithmic function (r> = 0.7) whilst
that of the reference condition was described by alinear function
(Fig. 3). Thevalueof r2for thereference conditionislow (r?=0.2),
sincethisvalueisbelow thecritical valueof r?=0.332 (for 10degrees
of freedom and p = 0.05). Thisrelationship was not used to predict
future concentration, however, but merely to cal culate percentage
deviation from natural, and thusfor this purposeit is considered to
beacceptable by theauthors.

V) The predicted concentrations of variable C for the reference
condition and present ecological state werethen estimated.

The predicted values of the variable (C) in the reference condition
and present state were estimated using the appropriate regression
equation. All regression equations were transformed to linear
equivalents and confidence intervals calculated using standard
statistical formulae (Underhill, 1985). The 95% confidenceinterval
for the predicted present state values is shown in Fig. 3.

vi) The monthly concentrations expected under the recommended
flow regimesand the 95% confidenceinterval around these predic-
tionswerecal culated.

Thetechniquefor estimating theenvironmental flow requirement of
riversthatiscurrently usedinReservedeterminationsistheBuilding
Block Methodology (Kingand Louw, 1998; DWAF, 1999; King et
al., 2000). Inthis methodology, the recommended flow regimeis
prescribed for each month of the year and isgiven for both normal
hydrological years(i.e. maintenancelow flowsthat will sustainthe
river intherequired state) and for drought years(i.e. flowsthat will
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Figure 3
Q-C plot for TDS in Water Quality Reach 1 on the Pienaars
River. Measured reference condition (RC) and present
ecological state (PES) concentrations of TDS are shown. Also
shown are the regression lines exhibiting the highest r? value,
the equations describing these relationships and the 95%
confidence interval for the present ecological state.

ensure survival of critical species during periods of low rainfall
(Louw et al., 2000). Using the regression equation describing the
relationship between present-state concentration and flow, the
predicted monthly concentration and 95% confidence interval of
eachwater quality constituent under therecommended flow regimes
wascal culated. Table2 showsthe TDSconcentrationspredictedfor
Water Quality Reach 1 of the Pienaars River for each month of the
year under both maintenance and drought low flows. Because TDS
concentrationat thissiteisnegatively correlated with discharge, the
concentrations predicted under drought flow are higher than for
mai ntenancelow flow. Tosimulatenatural hydrological conditions
intheriver under the proposed flow regime, for both maintenance
and drought conditions, the highest flowsarerecommended during
thesummer months. Consequently, thelowest TDS concentrations
are predicted to occur during this period.

vii) Thedeviation of theexisting (present ecol ogical state) val uesof
C, and the predicted concentrations of C, from the reference
conditionwerecal culated.

Thepredicted concentrationsof thedifferent water quality variables
werecomparedwiththeconcentrationsinthereferenceconditionand
thedifferencecal culated using thefollowing:

(Predicted [C] - [C]
[Clac

r)

Deviation from reference condition =
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TABLE?2
Monthly flow values (m®x 108month) for arecommended flow regime (maintenance and drought low flow) for
Water Quality Reach 1 on the Pienaars River. The corresponding predicted monthly concentrations of TDS, %
deviation from reference condition (values given in Table 1), and assessment category are also shown. The
mean annual valueis given in the final column.

Month Oct |Nov |Dec |[Jan |Feb |Mar |Apr [May Pune |[July |Aug [Sept [Mean

Maintenance low flow £ % 10 |13 |15 |30 |22 (18 |15 |10 |07 |07 |06 |05 | 13

Drought low flow % E € |05 |06 |08 |10 |09 (08 |07 |05 |03 |02 |01 |02 |05

Maintenance low flow § So— |379 |372 |368 [348 | 357 | 363 |[367 |[379 [389 [389 (394 | 397 | 375

Drought low flow 3 § g E’ 405 | 393 |385 |379 | 382 | 385 [389 |398 |413 |424 |443 | 424 | 402
o os<o

Present Ecological State | g 85 |37 |38 |38 |52 |42 (37 |3 |37 |37 (37 |38 |39 |39
Maintenance low flow | SH8EQ(37 |38 |40 |52 |46 |40 |39 |37 |38 (38 |39 |40 | 40
Drought low flow S2 é‘ Sg|46 |46 |47 |65 |56 | 49 |48 |44 |47 |51 |57 |49 |50
N6 o =
Present Ecological State g D |D |D |EF|EF|D |D |D |D |[D |D |D |D
M aintenance low flow 22 D |D |EF |EF |EF |EF |D |D |D |D |D | D |D
Drought low flow 2 g EF |EF |EF |EF |EF |EF |EF |BE/F |EF |EF |EBEF |EF |EF
<< O

WQ =water quality, RC = Reference Condition, PES = Present Ecological State

Table 2 showsthe percentage deviation of TDSfromthereference
condition for the present ecological state, and the predicted devia-
tion under the recommended flow regimefor the Pienaars River in
WQL1. Despite the fact that the lowest TDS concentrations are
predicted to occur during summer under both the maintenance and
drought recommended flow regimes, theextent of deviationfromthe
referenceconditionwasfoundto behighest duringthisperiod. This
isaconsegquenceof thenaturally very low saltlevel sexpectedinthe
river at thistime of the year (Table 1).

viii) The predicted assessment category for each month, for each
water quality variable, and for each recommended flow scenario
was then assigned.

The assessment category (A to F) that each chemical constituent
wouldfall intowasthen derived for each month under maintenance
low flow and drought low flow. In addition, the mean category for
the entire year was also calculated. The predicted assessment
categories for TDSin Table 2 were derived using the percentage
deviation from the reference condition as described in DWAF
(1999). It can be seen from Table 2, that under the required
maintenance low flow, TDS concentration would remain in an
overall “D” classand would be more or lessthe same as at present
(except for December and March). Under therecommended drought
low flow, however, there would be a notable decrease in water
quality (to an E/F class).

Discussion
General comments

Flow-concentrationmodellingisasimpleapproachinthatitisbased
on soluterating curves, atechnique that has been used extensively
intheliterature(Gregory andWalling, 1973; Kronvang, 1992; Smith
etal., 1996; Maanand Day, 2002b). Many factors, apart fromflow,
influencewater quality, however, andthesearenot takendirectly into
account in this modelling method. Instream concentrations of
chemical constituents resulting from a given discharge can vary
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depending on (inter alia) season, antecedent rainfall, land-use,
temperature, and the operation of upstream impoundments
(McDiffettetal., 1989; Brittonetal., 1993; Davisand Keller, 1983;
Petts, 1989). ThusQ-C modellingisaimed at providing an estimate
of predicted water quality and whether the stipulated allowed
maximum concentrations of each chemical constituent (i.e. the
assessment category) will beexceeded under therecommended flow
regime. Furthermore, water quality and pollution are complex,
involvingtheinteraction of many variables, whichinturnaffectthe
agquatic biota.

TheQ-Cmodelling method hasbeen devel opedintoanintegral
component of ecological Reservedeterminations(at theIntermedi-
ate, or Comprehensive level). Thusthefirst two steps and some of
step iii) would automatically be carried out as part of the water
quality assessment. Itisenvisaged that preparation of the Q-C plots
would becarried out prior to thelnstream Flow Reguirement (IFR)
Workshop. At the workshop, the specialists would first specify a
flow regime that is designed to keep the river in a predefined
ecological Reserveclass. Themodel would then be used to predict
themonthly concentrationsof each water quality variable(referred
to as the “water quality consequences’). It can thus be used as a
screening tool to identify sites at which the water quality Reserve
isnot likely to beattai ned without amelioration of pollution sources.
At such sites, a more sophisticated water quality model may be
requiredtoinvestigatepollution sources, and thedetailed mitigation
measures required toimprove water quality to an acceptablelevel.
The method is compatible with the Building Block Methodol ogy
(Kingand Louw, 1998; King et al ., 2000) and with DRIFT (Down-
stream Response to Instream Flow Transformations) a newly
emerging methodol ogy for assessing environmental flow require-
ments in South Africa (King et al., in press).

Flow-concentration modelling is most useful for TDS, indi-
vidual saltsandionsand other conservative constituents, but isnot
suitablefor simulation of dissolved oxygen or temperature. Nutri-
ents, often exhibit considerable scatter when concentration is
plotted against discharge, a likely consequence of the various
processes (e.g. microbial conversion between chemical forms, ad-
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sorption/desorption from sediment particles, uptake by the biota)
that influence instream concentration. In such cases the Q-C
regression approach asit now stands cannot be used, but could be
enhanced to include more complex multivariate regression ap-
proaches as required for a particular application.

The discharge regime recommended by river speciaistsat the
IFR Workshop isfor low flows, freshes and floods, and these are
specifiedfor bothnormal and drought hydrological conditions. Inthe
caseof thelow flows, thisrepresentsthe minimum volume of water
required in the system to maintain the prerequisite state. Fre-
quently, higher dischargeswould bepresentinthesystemasaresult
of recommended floods or freshes, or asaresult of additional flow
(i.e. water not required for abstraction or impoundment). The
predicted concentrations in the case of water quality constituents
that exhibit adilution effect withincreased flow thereforerepresent
the worst-case scenario. Some constituents at some sites (notably
TDSinsalinised catchmentsof theWestern Cape, and occasionally
nitrates and phosphatesin various parts of the country) have been
found to increase with discharge (Malan and Day, 20023). It is
considered that the Q-C method may not always be suitable for
making predictions of water quality in such situations. A positive
concentration-flow relationship is often due to wash-off from the
soilsof thesurrounding catchment. I f streamflow isreducedinsuch
systems (e.g. by in-channel abstraction), the loading of chemicals
from wash-off will remain the same, and thusit cannot be assumed
that instream concentrationswill decrease(sincethedilution capac-
ity of theriver isreduced). Predictionsof instream concentration of
suchaconstituent, under changed dischargeconditions, will depend
on how the flow change is brought about. Such situations are
complex and accurate predictions of diffuse sources of pollutants
are more difficult to make than for point sources. Further work is
required to examine the use of the modelling method in situations
where concentration is positively correlated with flow.

Assumptions and limitations in the approach

Themajor limitationsand assumptionsinthemodellingapproachare

described below:

e Akeylimitationisthat theuser must haveagood understanding
of thehydrology, water quality dataand general insightintothe
main processesinfluencinginstream concentrationsof chemical
constituentsintheriver. Additional monitoring of water quality
may berequired at somesitesif thesefundamental processesare
not fully understood.

e Useismade of monthly median values of concentrations and
monthly average flow, through which a trend-line is fitted.
Medianand meanval uesareusedfor concentrationandflow data,
since this is the convention in the field of water quality and
hydrology respectively. An aternative approach would be to
use al data points for concentration linked to the discharge at
thetime of sampling. In this study, comparisons were made of
the trend patterns and the value of the correlation coefficient
obtained between measured and predicted datausing either all
datapointsor monthly data. It wasfound that Q-C trends could
be more clearly discerned using monthly data, than if al data
points were used. Thisis substantiated by the work of Pionke
and Nicks (1970) who found that several widely divergent
salinity values corresponded to the same discharge on an
instantaneously determined basiswhereasaveragingthedataon
amonthly basis removed much of the variability.

»  Becauseof thelow frequency of occurrenceof extremesof flow
(either very low or very high) there are often few datafor these
regions. Thus extrapolation to these regions when making
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predictions of concentration is likely to be inaccurate.

¢ Themodellingmethodisseverely constrained by theavailabil-
ity of data. The degree of confidence in the predictions is
influenced by the accuracy, and completeness, of the datathat
areused. If nosuitabledataareavailable, or if apoor correlation
between concentration and flow is obtained, accurate predic-
tionsof instream concentration cannot be made. Theaccuracy
of the predictionsisalso influenced by how representative the
availablewater quality dataareof thesite, or water quality reach
that istobemodelled. Thegreater the distance betweenthesite
and the monitoring station, or if a magjor tributary or other
hydrological feature (e.g. aweir) issituated between the moni-
toring station and the IFR site, the less it can be assumed that
thewater quality predictionsarerepresentative. Field monitor-
ing can be carried out to assesslongitudinal gradientsfrom the
monitoring point to the site or reach under consideration.

e Itisassumedthatif flowisaltered, apart fromtheconcentration
of thewater quality variableunder concern, al other parameters
(e.g. the pollution load) will remain constant. In practice, if
dischargeisaltered drastically itislikely that the source of the
water, and hencethepollutionloadingwill bealtered (for example
by means of impoundment of tributaries). In addition, changes
intheoperation of upstreamimpoundmentsmay a sobeinvolved.
This method is empirical in that it does not take into account
changesinwater quality management scenarios(i.e. changesin
theloading of pollutants). It assumesthat therel ationshiplinking
concentration and flow remains the same. Alterations to the
system such as mentioned above are likely to change that
relationship, making predictions using the original flow-
concentrationmodel inaccurate. Thisisamajor limitationinthe
method and should be understood when making predictions of
future water quality. At the moment there is usually no
consideration of different water quality management scenarios
in Reserve assessmentsin any case. Thisisadeficiency, which
needs to be addressed. Should consideration of different sce-
narios be included, amore sophisticated form of water quality
modelling, such as mass-balance modelling would most likely
need to be employed at some sites.

¢ The method makes use of the standard regression functions
availableincommercial spreadsheet packages. Consideringthe
inaccuracy inherentinthemodelling method, itisconsideredthat
thissimplificationwill not detract fromtheoverall accuracy of the
results.

Information that can be obtained using flow-
concentration modelling

Usingflow-concentration modelling, depending ontheavail ability
and reliability of data for each site or water quality reach, the
following information can be obtained:

¢ Flow-concentration relationshipsand confidenceintervalscan
be derived for key water quality constituents.

e Estimatescan bemadeasto how many monthsof theyear, under
the proposed flow regime, the water quality Reserve will be
attained with regard to the various water quality constituents
(TDS, nutrients) and the likely assessment category (A, B, C
etc.).

¢ Inwhat monththeworst water quality would belikely to occur
and what concentrations could be expected.

¢ Anestimate of the extent to which the predicted water quality
will be different from natural.

e What discharge in the absence of pollution control, would be
required to dilute pollutants to acceptable levels.
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e Inthe case of “natural water quality problems,” what flows
would be needed to dilute the chemical constituentsin order to
attain the water quality component of the Reserve.

When flow-concentration modelling should not be used
Predictionsof water quality should not bemadeusing Q-C modelling:

e If the available present-day water quality data do not satisfy
therequirementsaslaid outintheManual for ResourceDirected
Measures (DWAF, 1999). In the absence of datacharacteristic
of thereferencecondition, predictionsof futurewater quality can
still be made, but the extent of deviation from natural cannot be
assessed.

e |If the nearest water quality monitoring stationisin adifferent
water quality reach fromthesitefor which predictionsaretobe
made. Inother words, if no dataareavailablethat areconsidered
to be representative of the water quality at the site, modelling
should not be carried out.

e If accurate present-day flow data for the water quality reach
under consideration are not available.

e |If the value of r2 for the present ecological state is low, the
simulations should be discarded. An arbitrary value of r?=0.6
hasbeen chosen (for 10 degreesof freedom, a(2), p>0.003) for
the cut-off point. Below avalue of r2= 0.6, it can be concluded
insuchcasesthat factorsother than dischargearea soinfluencing
instream concentrations. Predictions of water quality in such
cases should be made using amore sophisticated water quality
model such as QUAL 2E or acatchment runoff model.

e If the concentration of the water quality variableis positively
correlated with flow. Factors controlling instream concentra-
tion in such situations are likely to be complex and need to be
investigated carefully beforeassessingif Q-C modelling canbe
used to make predictions of instream concentrations.

Water quality and Reserve assessments

Animportant principlewithin boththeBuilding Block M ethodol ogy
and DRIFT isthat theenvironmental flowsrecommended should be
thosethat satisfy therequirementsof theaquaticbiotawithregardto
hydraulic habitat. Flows should not berecommended becausethey
arerequiredtodilutecontaminantstoalevel acceptabletothebiota.
If they are, it should bestated clearly that the* extra” water required
for dilution isnot part of the ecological Reserve. Y et, many South
Africanriversareimpacted dueto high levelsof contaminantsand
if pollution sources are not addressed and implementation of
environmental flowsleadstoareductioninlow flows, deterioration
of water quality will result. The current approach therefore is to
predict thelikely water quality consequences of the recommended
flow regimeintheabsenceof pollution control (Palmer and Rossouw,
2001). In the context of environmental flow assessments it is
important to distinguish between “anthropogenic “ water quality
problemsasmentioned aboveand* natural” water quality problems.
The latter would include instances where for example, due to the
geology of thesurrounding catchment, water drainingthat regionis
naturally saline, resultinginelevated concentrationsintheriver. The
aguatic biota in such reaches are adapted to high salinity levels.
Implementation of aflow regime, however, for which the mainte-
nanceand drought flowsrepresent areduced dischargevolumemay
well result in unacceptably high levelsof inorganic salts. Insuch a
case, adjustment of the water quantity Reserve to attain the water
quality aspect of the Reserveisjustified.
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Conclusion

Flow-concentration modelling represents a pragmatic method for
assessing the likely water quality conditions that will arise from
implementation of arecommended flow regime. Itisrecognised that
the method is simplistic and can only be used to give estimates of
predicted concentrationsof chemical constituents, however, it does
give someinsight into the likely duration and frequency of water
quality that may be stressful to aquatic biota. The mgjor limitation
of themethod isthat it does not take into account different sources
andloading of contaminants. Thisdeficiency isnot restricted tothe
modelling method in that thisisamajor limitation in the Reserve
determination processat themoment. Aslongastheassumptionsand
limitationsin themethod are understood, however, Q-C modelling
can be useful as a screening tool to identify sites where, without
reduction of pollution loading, the water quality component of the
Reserve is unlikely to be attained under the recommended flow
regime.

Acknowledgements

The Water Research Commission is gratefully acknowledged for
funding the project in which thiswork was carried out. We would
aso like to thank the members of DWAF who tirelessly collect,
collate and distribute the hydrol ogical and water quality datafrom
our rivers, without which this study would not be possible.

References

BRITTON DL, DAY JA and HENSHALL-HOWARD M-P (1993)
Hydrochemical response during storm events in a South African
mountain catchment: The influence of antecedent conditions.
Hydrobiol. 250 143-157.

DALLAS HF and DAY JA (1993) The Effect of Water Quality
Variables on Riverine Ecosystems: A Review. WRC Report No TT
61/93, Water Research Commission, Pretoria.

DAVIS JS AND KELLER HM (1983) Dissolved loads in streams and
rivers - Discharge and seasonally related variations. In: Proc.
Hamburg Symp. on Dissolved Loads in Streams and Rivers -
Discharge and Seasonally Related Variations. August 1983. IAHS
Publication no. 141. 79-89.

DWAF (1999) Resource Directed Measures for Protection of Water
Resources. Institute for Water Quality Studies, Department of
Water Affairs and Forestry, Pretoria.

DWAF (2002) Methods for Assessing Water Quality in Ecological
Reserve Determinations for rivers. Department of Water Affairs
and Forestry, Pretoria. Draft document.

GREGORY KJ and WALLING DE (1973) Drainage Basin Form and
Process: A Geomorphological Approach. John Wiley and Sons,
New York.

HUGHES DA (1999) Towards the incorporation of magnitude-
frequency concepts into the Building Block Methodology used for
quantifying ecological flow requirements of South African rivers.
Water SA 25 (3) 279-284.

HUGHES DA (2001) Providing hydrological information and data
analysis tools for the determination of the ecological instream
flow requirements for South African rivers. J. Hydrol. 241 (1-2)
140-151.

KING J, BROWN C and SABET H (in press) A scenario-based holistic
approach to environmental flow assessments for regulated rivers.
River Res. Applic.

KING J and LOUW D (1998) Instream flow assessments for regulated
rivers in South Africa using the Building Block Methodology.
Aquat. Ecosyst. Health Manage. 1 109-124.

KING M, THARME RE and DE VILLIERS MS (2000) Environmental
flow assessments for rivers: Manua for the Building Block Meth-

Available on website http://www.wr c.org.za



odology. WRC Report No TT 131/00, Water Research Commis-
sion, Pretoria

KRONVANG B (1992) The export of particulate matter, particulate
phosphorus and dissolved phosphorus from two agricultural river
basins: Implications on estimating the non-point phosphorus load.
Water Res. 26 1347-1358.

LOUW D, HUGHES D and BIRKHEAD A (2000) The IFR process:
beyond the specialist workshop. Afr. J. Aquat. Sci. 25 183-190.

MALAN HL (2001) Integration of water quality and quantity (water
quality modelling). In: Palmer C and Rossouw JN (ed.)Water
Quality: Olifants River Ecological Water Requirement Assess-
ment. Appendix 7. Department of Water Affairs and Forestry,
Report No. PB 000-00-5999. Pretoria. 7/1-7/33.

MALAN HL and DAY JA (2002a) Development of Numerical
Methods for Predicting Relationships between Streamflow, Water
Quality and Biotic Responses in Rivers. WRC Report No. 956/1/
02, Water Research Commission, Pretoria.

MALAN HL and DAY JA (2002b) Linking Discharge, Water Quality
and Biotic Response in Rivers: A Literature Review. WRC Report
No. 956/2/02, Water Research Commission, Pretoria

MCcDIFFETT WF, BEIDLER AW, DOMINICK TF and McCREA KD
(1989) Nutrient concentration-stream discharge relationships

during storm events in a first-order stream. Hydrobiol. 179
97-102.

PALMER C and ROSSOUW JN (2001) Water Quality: Olifants River
Ecological Water Requirement Assessment. Department of Water
Affairs and Forestry Report no. PB 000-00-5999, Pretoria.

PETTS GE (1989) Perspectives for ecological management of regu-
lated rivers. In: Gore JA and Petts GE (eds.) Alternatives in
Regulated River Management. CRC Press, Inc, Boca Raton,
Florida. 3-24.

PIONKE HB and NICKS AD (1970) The effect of selected hydrologic
variables on stream salinity. Bull. Int. Assoc. Sci. Hydrol. 15
13-21.

ROSSOUW JN, HOHLS B AND JOOSTE S (1999) Water Quality
Report, Pienaars River Intermediate Reserve Determination.
Unpublished report for RDM office, Department of Water Affairs
and Forestry, Pretoria.

SMITH DG, MCBRIDE GB, BRYERS GG, WISSE J and MINK DFJ
(1996) Trends in New Zealand's national river water quality
network. N. Z. J. Mar. & Freshwater Res. 30 485-500.

UNDERHILL LG (1985) Introstat. Juta and Company, Ltd., Kenwyn,
South Africa

Available on website http://www.wr c.org.za

ISSN 0378-4738 = Water SA Vol. 29 No. 3 July 2003 311



312 |ISSN 0378-4738 = Water SA Vol. 29 No. 3 July 2003 Available on website http://www.wr c.org.za



